Cytogenetic and DNA flow cytometric analyses of leukemic cells from 2,184 children with newly diagnosed acute lymphoblastic leukemia (ALL) identified 27 cases (1.2%) that had a hypodiploid line with fewer than 45 chromosomes per cell. Had cytogenetic techniques been used alone, seven cases would have been missed, compared with five if only flow cytometry had been used. For comparative purposes, the 27 cases were divided into three groups: near-haploid (n = lo), hypodiploid 30-40 (n = 9). and hypodiploid 41-44 (n = 8). Blast cells from patients with near-haploid ALL lacked structural chromosomal abnormalities; showed nonrandom retention of two copies of chromosomes 8, 10, 14. 18, 21, and the sex chromosomes; and had a second leukemic line with exactly twice the number of chromosomes or DNA content. Karyotypic analysis of the hypodiploid 30-40 and hypodiploid 4 1 -44 groups disclosed structural abnormalities in the stemline or sideline of most of the well-banded cases: HROMOSOME NUMBER (ploidy) or cellular DNA C content conveys important prognostic information in childhood acute lymphoblastic leukemia (ALL).'.'' Hyperdiploid cases with a modal chromosome number greater than 50 fare best, whereas pseudodiploidy and hypodiploidy are generally associated with a poor Hypodiploidy is a relatively uncommon finding, affecting only 3% to 9% of patients with ALL,2-6s89'o~" most of whom (greater than 80%) have a primary leukemic cell line with a modal chromosome number of 45." Near-haploidy has been reported in only 12 children with ALL since publication of the first case in 1975.'1.'6-23 Even less is known about hypodiploid cases with 30 to 44 chromosomes. We describe here the frequency, clinical and cytogenetic features, and outcome of therapy for a relatively large cohort of children with hypodiploid ALL characterized by a modal chromosome number of less than 45. The 21 children in this study, identified by cytogenetic and DNA flow cytometric analysis of more than 2,000 cases of newly diagnosed ALL, represent the largest single group with this disorder described to date.
patients with near-haploid ALL lacked structural chromosomal abnormalities; showed nonrandom retention of two copies of chromosomes 8, 10, 14. 18 , 21, and the sex chromosomes; and had a second leukemic line with exactly twice the number of chromosomes or DNA content. Karyotypic analysis of the hypodiploid 30-40 and hypodiploid 4 1 -44 groups disclosed structural abnormalities in the stemline or sideline of most of the well-banded cases: HROMOSOME NUMBER (ploidy) or cellular DNA C content conveys important prognostic information in childhood acute lymphoblastic leukemia (ALL).'.'' Hyperdiploid cases with a modal chromosome number greater than 50 fare best, whereas pseudodiploidy and hypodiploidy are generally associated with a poor Hypodiploidy is a relatively uncommon finding, affecting only 3% to 9% of patients with ALL,2-6s89'o~" most of whom (greater than 80%) have a primary leukemic cell line with a modal chromosome number of 45." Near-haploidy has been reported in only 12 children with ALL since publication of the first case in 1975.'1.'6-23 Even less is known about hypodiploid cases with 30 to 44 chromosomes. We describe here the frequency, clinical and cytogenetic features, and outcome of therapy for a relatively large cohort of children with hypodiploid ALL characterized by a modal chromosome number of less than 45. The 21 children in this study, identified by cytogenetic those in the latter group were similar to findings in cases with 45 chromosomes. As in 'the near-haploid group, chromosome 21 and the sex chromosomes were preferentially retained in the hypodiploid 30-40 and 4 1 -44 cases.
Except for a slight excess of female patients in the near-haploid group and an older age at diagnosis in the hypodiploid 30-40 cases, there were no initial clinical features that distinguished these patients from the general ALL population. Despite intensive treatment and short follow-up, 17 of the 27 patients have relapsed. This study suggests that the poor treatment responsiveness of hypodiploid ALL is not limited to the more than 80% of the and DNA flow cytometric analysis of more than 2,000 cases of newly diagnosed ALL, represent the largest single group with this disorder described to date.
MATERIALS AND METHODS
Blast cells from a total of 2,184 patients with ALL were studied for their karyotype and/or DNA content as determined by flow cytometry. Of these patients, 870 were admitted to Total Therapy Studies IX through X124,25 at St Jude Children's Research Hospital (SJCRH, Memphis, TN) between 1979 and 1988; the remainder were enrolled in the Pediatric Oncology Group (POG) study from 1986 to 1988 (V.J. Land, protocol available on request). Bone marrow specimens from patients enrolled in the POG study were shipped to SJCRH for flow cytometric studies and to the University of Alabama at Birmingham (UAB) Cytogenetics Laboratory for chromosome analysis. All patients were advised of the procedures and their attendant risks, in accord with institutional guidelines; informed consent was obtained in each instance. Four patients (nos. 2,6,8, and 12, Table 1) were described in previous reports.".20
Bone marrow cells were separated on a Ficoll-Hypaque gradient. Cell surface antigens were detected by a standard indirect immunofluorescence assay using a panel of heteroantisera or monoclonal antibodies to lymphoid-associated antigens, including CD2, CD5, CD7, CDlO (common ALL antigen, CALLA), CD19, CD20, and CD21. Cells were also tested for surface (sIg) and cytoplasmic immunoglobulin (cIg) as well as rosette formation with sheep erythrocytes. Cells were analyzed for fluorescent activity by fluorescence microscopy or flow cytometry. Based on their pattern of reactivity, the lymphoblasts were classified as T (CD5+ plus CD7+ and/or E-rosette+), B (sIg+), pre-B (cIg+), or early pre-B (CD19+, CD5-, CD7-, cIg-, sIg-, CD10') as previously described.26
Bone marrow samples from the patients studied at SJCRH were processed immediately after collection according to the direct method of Williams et aL2' Samples from the patients seen at UAB were either processed directly or placed in short-term culture, or both.28 Samples from POG institutions other than SJCRH were placed in RPMI 1640 supplemented with 15% fetal calf serum and shipped overnight to the UAB cytogenetic (ratio of DNA content in leukemic G,/G, cells  versus normal diploid G,/G, cells) , a measure that correlates closely with chromosome number. The sensitivity of this method does not permit leukemic lines with additions or losses of up to four chromosomes per cell to be detected as abn~rmal.~' Multiple leukemic lines within a single case were arbitrarily designated first, second, and third, etc, according to DNA content per cell (lowest content = first line).
DNA content determination.

RESULTS
Of the 2,184 cases studied, 1,382 were found to have abnormal blast cell karyotype, including 27 (1.2%) with modal chromosome number less than 45 (Table 1 ). In seven patients (nos. 5, 11, 14, 17, 19, 20, and 22), the hypodiploid line was detected only by flow cytometry. In the five cases (nos. 23 to 27) with hypodiploidy 42 to 44, the aneuploid line was detected by chromosome analysis but not by flow cytometric techniques. In four cases (nos. 2,4, 16, and 18), a second hyperdiploid line was detected by karyotypic but not flow cytometric analysis; in three of the cases the second line was an exact 2N copy of the first. Despite these differences, the DNA index and ploidy determined by karyotype analysis were closely correlated. For comparison of cytogenetic and clinical features, these cases were divided into three subgroups: near-haploidy (cases 1 through lo), hypodiploidy 30-40 (cases 1 1 through 19) and hypodiploidy 41-44 (cases 20 through 27).
The modal chromosome numbers of the first leukemic cell lines ranged from 25 to 28. All but one case had a second leukemic line with a chromosome number or DNA index double that of the first line; none contained structural abnormalities. There was an apparent nonrandom retention of certain chromosomes in these cases with an otherwise haploid number of chromosomes. Of the 9 cases in which karyotypic analysis was successful, all had disomy of the sex chromosomes, 8 had disomy 21, 6 disomy 14, 5 disomy 18, 4 disomy 10, and 2 disomy 8.
Although nine cases in this cytogenetic subgroup were identified by flow cytometry, only five were confirmed by chromosome analysis. In another case (no. 14), only the second line, which had approximately twice the chromosome number of the first line, was found. The cytogenetic findings were consistent with derivation from duplication of a hypodiploid line. Complete karyotypic analysis of the hypodiploid line was successful in only three cases (nos. 12, 13, and 18). The karyotypic features of this subgroup differed substantially from those of near-haploid cases. Although a second line was found in 8 of the 9 cases, its chromosome number was exactly doubled in only a single case (no. 16). Structural chromosomal abnormalities were identified in 3 of the 5 cases with Near-haploid subgroup (n = 10).
Hypodiploid 30-40 subgroup (n = 9).
well-banded karyotypes, including two in which a hypodiploid 30-40 line was not found . Chromosomes 1, 19, 21, 22, and X or Y were preferentially retained, and one copy of chromosomes 3, 7, 13, 16, and 17 were lost uniformly in the three well-banded hypodiploid lines.
The hypodiploid line was apparently missed by chromosome analysis in two cases (nos. 20 and 22) and by flow cytometry in the four cases with 42 to 44 chromosomes per cell. Multiple lines secondary to clonal evolution were found in four cases, only one of which (no. 21) had a fourth leukemic line with a chromosome number double that of the first line. All five cases with banded karyotypes showed structural chromosomal abnormalities. Chromosome loss involved numbers 3, 5 7 , 8,9, 10, 12, 14, and 20. Nonrandom loss was not readily apparent, most likely because of the limited number of cases in this subgroup.
Clinical characteristics and treatment outcome. The presenting features of patients in these three subgroups were similar ( Table 2 ) and did not differ substantially from those of children with ALL in general. However, ages of more than 10 years characterized 6 of 9 patients with hypodiploidy 30-40, a substantially higher proportion than the 20% observed in other ploidy groups (normal, pseudodiploidy, and hyperdipl~idy).'~ Clinical outcome for patients in all three subgroups has been very poor: only 10 of the 27 patients remain in remission even though follow-up periods have been relatively short for most of the patients remaining in remission. When cases treated on a single study (POG 8602) with demonstrable abnormal leukemic cell karyotype were analyzed, patients with blast cells near-haploidy or hypodiploidy less than 45 had a significantly poorer treatment outcome than those with other leukemic cell ploidy ( P < .001, Fig 1) .
In fact, cases with near-haploidy or hypodiploidy less than 45 fared significantly worse than those with chromosomal translocation ( P = .01).
Hypodiploid 41-44 subgroup (n = 8). 
DISCUSSION
The 1.2% frequency of hypodiploidy less than 45 chromosomes in our series substantiates the rarity of this abnormality in children with ALL. The number of cases detected would have been even lower had standard karyotypic analysis been used without flow cytometry, or vice versa. To our knowledge, near-haploidy, hypodiploidy 30-40, and hypodiploidy 41-44 have been reported in only 12,"3'6-23 2,",31 and 2 ' '~~~ children with ALL, respectively. The paucity of cases in the latter two subgroups appears to reflect the difficulty of obtaining well-banded karyotypes for such patients. Moreover, some of the cases with hypodiploidy may have been dismissed as having random chromosome loss. The hypodiploid line may also be lost in culture. All seven cases in this study that were found to have a hypodiploid line by flow cytometry but not by chromosome analysis were studied after short-term culture because of the need for shipment. Notably, the hypodiploid line represented a very minor proportion (less than 5%) of leukemic cell population in three of the cases. The hypodiploid line in these seven cases may not be viable to be detected cytogenetically because of the process or time involved in shipping. It is possible that direct preparation on fresh leukemic sample is more preferable than short-term culture method to detect the hypodiploid line. Finally, even flow cytometric analysis fails to detect some hypodiploid cases with a loss of up to four chromosomes.
Near-haploid ALL is a unique subgroup. Of the 19 total cases included in this study or reported in the l i t e r a t~r e , " * '~-~~ only 1 case was found to have a structural chromosomal a b n~r m a l i t y '~ and all but 3 evaluable had a second hyperdiploid line with a chromosome number double that of the near-haploid line. Several lines of evidence indicate that the near-haploid line is the primary line with the hyperdiploid line arising by endoreduplication: (1) the hyperdiploid line is an exact duplication of the near-haploid line; (2) a paired chromosome contained the same structural abnormality in one case; and (3) the appearance of a hyperdiploid line was preceded by a near-haploid line in a cell line established in culture. 33 The proportions of cells in the near-haploid line or its hyperdiploid derivative varied among the cases a t diagnosis (Table 1) and at relapse. Of the 3 cases studied a t relapse, 1 retained only the near-haploid line (case 2), 1 only the hyperdiploid line (case 6), and 1 both lines (case 4), although in each case there was evidence of clonal evolution (data not shown).
Multipolar mitosis appears to be the most feasible mechanism to account for near-hapl~idy,'~ although partial mitotic pairing of homologous chromosomes is also possible.34 There was a relatively consistent nonrandom retention of certain chromosomes. Among 18 evaluable cases reported in the l i t e r a t~r e '~.~~ or in this study, disomy 10 was found in 8, disomy 14 in 9, disomy 18 in 9, disomy 21 in 16, and disomy of sex chromosomes in 17. This pattern of chromosomal retention is remarkably similar to that in the hyperdiploid >50 group, where numbers 4,6, 10, 14, 17, 18,20,21, and X are added most f r e q~e n t l y .~~ Thus, retention of both homologues of certain chromosomes, especially number 21 and the sex chromosomes, may be important for cell proliferation or survival in these cases.
Childhood near-haploid ALL has been associated with a high presenting leukocyte c o~n t ,~' .~~ older age at diagnosis,20 common ALL and exclusively female gender.23 By contrast, we noted only a slight excess of female patients, and the distributions of age, presenting leukocyte counts, and leukemic cell immunophenotypes in these cases were similar to those of childhood ALL in general ( Table 2 ).
The cytogenetic characteristics of the hypodiploid 30-40 group differ from those of near-haploid cases. With one exception, the modal chromosome number of the second line was not exactly double of that of the first line. Structural chromosomal abnormalities, including translocation, were common in these cases. Although the pattern of chromosome retention or loss was also different, it is notable that both copies of chromosome 21 and sex chromosomes were also preferentially retained in these cases. Most likely, the basic karyotype of these cases represents diploidy with chromosomal loss. The karyotypic features of the hypodiploid 4 1-44 cases were quite similar to those of cases with 45 chromosomes'' in that structural chromosomal abnormalities, including translocation, were common and, with the possible exception of chromosome 21, each chromosome may be lost from the leukemic cell." Notably, among these hypodiploid t 4 5 cases, the Philadelphia chromosome and the t ( 1; 19)(q23;pl3) , well-recognized adverse cytogenetic f e a t~r e s , *~,~~ were found in two cases (nos. 1 1 and 21) and case 27, respectively.
The presenting clinical features of patients with hypodiploid 30-40 or hypodiploid 41-44 ALL were similar to those associated with childhood ALL in general. A notable exception was the older ages of patients in the hypodiploid 30-40 group (6 of the 9 were greater than 10 years old a t the time of diagnosis). In this regard, of the six previously reported cases of this disorder, four occurred in adults3' and the other two in patients who were 10 and 12 years old a t diagn~sis.".~' Conceivably, hypodiploid 30-40 cases orginate by an unusual mechanism of leukemogenesis, one that affects older age groups preferentially.
The clinical outcome of therapy in children with nearhaploidy, hypodiploidy 30-40, or hypodiploidy 41 -44 was very poor. Despite use of intensive chemotherapy, 17 of the 27 patients have relapsed. Moreover, the follow-up durations for most patients remaining in remission are still relatively short. Whether greatly intensified chemotherapy or bone marrow transplantation would change their prognosis remains to be seen.
This study illustrates clearly that flow cytometric determination of cellular DNA content and conventional cytogenetic analysis should be regarded as complementary tests in the evaluation of patients with ALL. Flow cytometry is automated and much more rapid than conventional karyotypic analysis, results can be obtained for virtually all cases, and measurements are not affected by the mitotic index of the cell population. In fact, near-haploid lines in three of our cases were initially missed by karyotype analysis, only to be found after the cytogeneticists were made aware of the flow cytometric results. Flow cytometry, on the other hand, does not identify the specific chromosomes gained or lost, nor does it detect structural rearrangements with potentially important prognostic and biologic implications. It is also not sensitive enough to detect a small gain or loss of the total DNA. Finally, a minor secondary hyperdiploid line may not be detected by flow cytometry because the hyperdiploid G,/G,-phase cells overlap with hypodiploid G,+ M-phase cells (eg, cases 2,4, 16, and 18). Thus, to identify hypodiploid cases, both cytogenetic and flow cytometric analyses should be used in tandem.
Customarily, cancer cell karyotypes have been classified according to the stemline, the most frequent chromosome constitution of a tumor cell population observed in a direct preparation or after short-term culture. In many of our cases, the coexisting hyperdiploid line was the predominant leukemic cell population but apparently arose from clonal evolution (doubling of the "primary" near-haploid or hypodiploid line). Treatment outcome in these cases paralleled that of hypodiploid ALL" rather than hyperdiploid ALL.'-''." In other cases (eg, nos. 11,20, and 25), the hypodiploid t 4 5 line was probably the product of clonal evolution but may also be biologically and prognostically more important than the other line. Cases with any hypodiploid t 4 5 line, regardless of the ploidy of the predominant cell population, should probably be classified as hypodiploidy, and therefore were included in this study. With better techniques and increased effort by cooperative group studies, this rare but important group of cases will be more easily detected and characterized to improve our understanding of their unique therapeutic requirements.
